Proteus mirabilis is a dimorphic, motile bacterium often associated with urinary tract infections. Colonization of urinary tract surfaces is aided by swarmer cell differentiation, which is initiated by inhibition of flagellar rotation when the bacteria first contact a surface. Mutations in fliL, encoding a flagellar structural protein with an enigmatic function, result in the inappropriate production of differentiated swarmer cells, called pseudoswarmer cells, under noninducing conditions, indicating involvement of FliL in the surface sensing pathway. In the present study, we compared the fliL transcriptome with that of wild-type swarmer cells and showed that nearly all genes associated with motility (flagellar class II and III genes) and chemotaxis are repressed. In contrast, spontaneous motile revertants of fliL cells that regained motility yet produced differentiated swarmer cells under noninducing conditions transcribed flagellar class II promoters at consistent levels. Expression of umoA (a known regulator of swarmer cells), flgF, and flgI increased significantly in both swarmer and pseudoswarmer cells, as did genes in a degenerate prophage region situated immediately adjacent to the Rcs phosphorelay system. Unlike swarmer cells, pseudoswarmers displayed increased activity, rather than transcription, of the flagellar master regulatory protein, FlhD 4 C 2 , and analyses of the fliL parent strain and its motile revertants showed that they result from mutations altering the C-terminal 14 amino acids of FliL. Collectively, the data suggest a functional role for the C terminus of FliL in surface sensing and implicate UmoA as part of the signal relay leading to the master flagellar regulator FlhD 4 C 2 , which ultimately controls swarmer cell differentiation.
P
roteus mirabilis is an enterobacterial opportunistic urinary tract pathogen that causes infections often associated with indwelling catheters or structural abnormalities of the urinary tract (reviewed in references 19 and 39) . These infections are aided by several virulence factors, with one of the most significant being the ability of these bacteria to respond to the surfaces of host cells in a behavior referred to as swarming that allows P. mirabilis to move from an initial site of colonization (for example, a catheter surface) to uroepithelial cells of the urinary tract (3, 30, 41) .
Swarming is a flagellum-dependent motile behavior that is distinct from swimming in that it is a multicellular process that occurs on solid surfaces or in viscous liquids. Swarming behavior requires differentiation of vegetative swimmer cells into highly elongated, hyperflagellated swarmer cells (4, 31) . Swarmer cell differentiation is initiated upon contact with a solid surface, which inhibits flagellar rotation, and an obligate requirement exists for this stimulus, as swarmer cells removed from a surface quickly dedifferentiated to vegetative swimmer cells (1, 23, 47, 52) . Other conditions that inhibit flagellar rotation, such as addition of compounds that increase fluid viscosity or antisera to FlaA (flagellin structural protein of the flagellar filament) to liquid media, induce swarmer cell differentiation and transcription of swarmer cell genes (16) . The importance of the flagellum as an integral component of the surface-sensing mechanism is underscored by several reports showing that mutations in many different flagellar genes results in an inability of P. mirabilis to differentiate (12, 14, 24, 26) .
The bacterial flagellum is comprised of three main substructures-the basal body, the hook, and the helical filament-and the synthesis of each is coordinated by a finely regulated regulatory circuit (38) . In Escherichia coli, Salmonella enterica serovar Typhimurium, and P. mirabilis, regulation of flagellar biosynthesis occurs as a three-level regulatory cascade involving class I, class II, and class III transcriptional promoters (32, 33) . The sole class I promoter controls expression of the flhDC operon, encoding the flagellar master regulator, which in turn activates transcription of the class II operons. Class II promoters control genes encoding the export apparatus, basal body and hook proteins, and regulatory proteins that control transcription of class III operons. Class III promoters transcribe flaA (flagellin) and late genes required for filament assembly, motility, and chemotaxis. The activity of FlhDC is controlled in multiple ways. In P. mirabilis, these means of control include the RcsCDB phosphorelay system, which is activated upon growth on a surface (22) , and four proteins, UmoA, UmoB, UmoC, and UmoD, that were discovered during a search for upregulators of the master operon (20) .
While the role of most of the proteins comprising the flagellum is understood, the function of one, FliL, remains enigmatic. FliL is a small protein-P. mirabilis FliL is 18.2 kDa-found in many flagellated bacterial species. FliL homologs are located in the inner membrane and have a single transmembrane domain (which in P. mirabilis is located near the N terminus ca. 10 residues from the start), such that the N terminus of the protein resides in the cytoplasm and the C terminus in the periplasm (11) . In P. mirabilis and many other species, fliL is the lead gene in a class II flagellar operon (fliLMNOPQR). Despite its ubiquity, the FliL sequence is poorly conserved between species, with only 51% identity shared between P. mirabilis FliL and FliL of E. coli or S. Typhimurium.
FliL has been thought to be a nonessential component of the basal body, since it is not required for swimming by either S. Typhimurium or E. coli (45) ; however, S. Typhimurium does not swarm when fliL is mutated (11) . Attmannspacher et al. discovered that ⌬fliL strains lose their flagella more readily than the wild type, with the dislodged flagella ending in a hook and partial rod structure that results from breaks between the proximal (FlgF) and distal (FlgG) rod proteins (11) . Breakage of the flagella occurs only with functioning motors and is independent of the direction of filament rotation, leading to the conclusion that S. Typhimurium FliL is likely part of the motor stator (MotA and MotB), where it strengthens and stabilizes rod attachment, a function that is especially important as torque develops on the flagella during swarming on an agar surface (11) .
We previously reported on a P. mirabilis fliL strain (BB2204; fliL 2204 ::Tn5-CM) that is nonmotile, i.e., it does not swim or swarm, and that inappropriately produces elongated swarmer cells in both broth and agar (16) . This mutation causes polar effects on essential downstream genes in the fliL operon, resulting in the nonmotile phenotype. Supporting this idea, Western blots with anti-FlaA antisera showed that BB2204 does not produce flagellin (16) . However, polar effects alone cannot explain the presence of swarmer cells in broth-grown fliL strains, since independent mutations in other genes within the fliL operon (fliM, fliP, and fliQ) result in cells that never differentiate under any condition (16) . Mutations in fliL not only result in the production of swarmer cells under noninducing conditions (referred to as "pseudoswarmer" cells to distinguish them from differentiated swarmer cells resulting from contact with a surface) but also result in increased expression of two swarmer cell-dependent genes, zapA and hpmBA (16) . Thus, FliL, a hook-basal-body-associated protein, appears to be a critical component of the P. mirabilis surface signal sensory transduction pathway that controls transcription of swarmer cell genes.
In the present study, we sought further understanding of the molecular mechanisms underlying the ability of P. mirabilis to sense a surface. Global transcriptional profiling of genes expressed in three cell types, wild-type swimmer cells, wild-type swarmer cells, and fliL pseudoswarmer cells, identified changes in expression, and this analysis was complemented by a study of a set of stable, spontaneous motile revertants from the fliL parent strain. We discovered that (i) while both swarmer and pseudoswarmer cells increased expression of many genes, similar patterns of regulation were shared in only a few, most notably umoA, flgF, and flgI, and genes encompassing a degenerate prophage region adjacent to the rcs genes; (ii) fliL pseudoswarmer cells displayed increased activity rather than transcription of the flagellar master regulatory protein, FlhD 4 C 2 , and (iii) both pseudoswarmers and motile revertants contained mutations that altered the C-terminal 14 amino acids of FliL. Our combined transcriptomic and genetic analyses indicate that the C terminus of FliL plays an important role in the pseudoswarmer phenotype.
MATERIALS AND METHODS
Strains, culture conditions, and media. P. mirabilis BB2000 served as the wild type and parent of BB2204 (16) , which is a FliL Ϫ mutant resulting from insertion of Tn5-Cm in fliL (Table 1) . Strains were maintained in Luria-Bertani (LB) broth (Bacto tryptone, 10 g liter Ϫ1 ; yeast extract, 5 g liter Ϫ1 ; sodium chloride, 10 g liter Ϫ1 ) (50) or LB agar (LB containing 15 g liter Ϫ1 Bacto agar) at 37°C. When isolated colonies were required, LSW Ϫ agar (Bacto tryptone, 10 g liter Ϫ1 ; yeast extract, 5 g liter Ϫ1 ; NaCl, 0.4 g liter Ϫ1 ; glycerol, 5 ml liter Ϫ1 ; Bacto agar, 20 g liter Ϫ1 ) (13) was used to prevent swarming in Swr ϩ strains. Swimming motility was determined in Mot agar (Bacto tryptone, 10 g liter Ϫ1 ; NaCl, 5 g liter Ϫ1 ; Bacto agar, 3 g liter Ϫ1 ). Chloramphenicol (40 g ml Ϫ1 ) was used to maintain Tn5-Cm in BB2204. Phenotypic analysis of mutants. Spontaneous motile revertants of BB2204 were obtained after incubation on LB agar or in Mot agar, as follows: 5 l of an overnight culture was placed in the center of an LB agar plate to detect swarming motility, while 30 l of an overnight culture was inoculated into the diameter across a Mot agar plate to detect swimming motility. Bacteria were incubated at 37°C until motile flares appeared, at ca. 3 to 5 days. Swimming of the motile revertants was determined by measuring the migration of the cells through semisolid Mot agar. Aliquots (5 l each) from overnight cultures grown in Mot broth (Mot agar less agar) were inoculated into Mot agar, and the bacteria were incubated in a moisture chamber. Swarming motility was assessed as the cells migrated over the surface of LB agar. Overnight cultures grown in LB broth were diluted to an optical density at 600 nm (OD 600 ) of 0.4 in 1ϫ phosphatebuffered saline (PBS; 8 g liter Ϫ1 NaCl, 0.2 g liter Ϫ1 KCl, 1.44 g liter Ϫ1 Na 2 HPO 4 , 0.24 g liter Ϫ1 KH 2 PO 4 ), and 5-l aliquots were spotted onto LB agar and incubated with a constant humidity of 46%.
For both swimming and swarming revertants, swarmer cell differentiation (i.e., cellular elongation to lengths typical of wild-type cells obtained from agar) in liquid media was measured using phase-contrast light microscopy (Olympus BX60) and compared with that of brothgrown wild-type (BB2000) and pseudoswarmer (BB2204) cells. All strains (BB2000, BB2204, and revertants) were grown overnight in LB broth, inoculated into fresh LB at a 1:100 dilution, and incubated at 37°C with shaking (200 rpm). Cell length and morphology were examined every 30 min. Both mean cell length (Ϯ standard deviation) and the number of elongated cells in the population were determined. A cell was considered a differentiated swarmer cell if its cell length was Ͼ7 m or Ͼ3-fold a "floating standard" of the mean cell length of wild-type cells (BB2000) grown in LB broth for the same incubation period.
Transcription and regulation of select flagellar genes and genes defined as essential to swarming were examined in revertants, and transcript levels were compared to those in broth-grown wild-type and fliL pseudoswarmers via reverse transcription-PCR (RT-PCR) and quantitative reverse transcriptase PCR (qRT-PCR). For expression analysis of revertants, cells were harvested from liquid cultures incubated at 37°C that displayed the greatest proportion of the pseudoswarmer phenotype-i.e., when populations of both BB2204 and YL1001 contained the greatest number of elongated cells (2.5 h of incubation, when the OD 600 was approximately 0.9).
RNA sequencing sample collection and RNA extraction. An RNA sequencing (RNA-Seq) analysis was performed to identify the underlying molecular mechanisms contributing to the fliL phenotype. To provide a platform from which to compare the pseudoswarmer transcriptome, RNA-Seq was also performed on wild-type swarmer cells (i.e., BB2000 grown on agar). For transcriptomic analysis of pseudoswarmer cells, single colonies of BB2204 and BB2000 (serving as the control sample when determining levels of change in RNA-Seq analysis) were inoculated into 2 ml LB broth and incubated with agitation (200 rpm) at 37°C. Cells were harvested at 4.5 h, based on microscopic observations of fliL pseudoswarmer elongation. For transcriptomic analyses of wild-type swarmer cells, single colonies were grown overnight in 2 ml LB broth, followed by washing in LB broth. Swarmer cell samples were diluted in 1ϫ PBS, and 100 l of a 10 Ϫ2 dilution was spread onto LB plates that had been dried for 30 min at 42°C prior to inoculation, while samples of swimmer cells, serving as the control for determining the levels of change (fold), were reinoculated into fresh LB broth at a 1:10 dilution. Both sample types were harvested 4.3 h after inoculation, with swarmer cells collected using the method of Wang et al. (57) . Cultures were pelleted at 10,000 ϫ g for 5 min at room temperature, washed with 1ϫ PBS, and repelleted. The cell pellets were snap-frozen in a dry-ice-ethanol slurry and stored in RNase-free tubes at Ϫ80°C prior to RNA extraction.
RNA extraction. Total RNA from all samples was extracted using a Ribopure kit (Ambion) following the manufacturer's instructions, with the DNase treatment extended to 1 h. The RNA concentration and purity of each sample were measured using a Nano-drop 1000 spectrophotometer (Thermo Scientific). An mRNA enrichment step was performed on samples designated for RNA-Seq using a MICROBExpress kit (Ambion) in order to reduce sequencing of 16S and 23S rRNA. The degree of rRNA depletion was evaluated with an mRNA assay, using an Agilent 2100 Bioanalyzer with a RNA 6000 Nano LabChip kit (Agilent).
cDNA synthesis, RT-PCR, and quantitative RT-PCR. For all samples but aliquots designated for RNA-Seq, 1 g total RNA was reversetranscribed into cDNA using a high-capacity cDNA reverse transcription kit with RNase inhibitor (Applied Biosystems). Thermocycling conditions were as follows: 25°C for 10 min, 37°C for 2 h, 85°C for 5 min. For RT-PCRs, each reaction mixture (50 l) contained 1ϫ ThermoPol buffer, 25 ng cDNA, a 200 nM concentration of each primer, 200 M deoxynucleoside triphosphates (dNTPs), and 5 U Taq polymerase (NEB). Thermocycling conditions were as follows: 94°C for 3 min; 30 cycles of 94°C for 1 min, 60°C for 30 s, and 72°C for 20 s; and 72°C for 2 min. qRT-PCR was performed with the 2ϫ Power SYBR green kit (Applied Biosystems). Reaction mixtures consisted of 2ϫ SYBR green master mix, a 100 to 300 nM concentration of each forward and reverse primer, and 25 ng cDNA template, and each was brought to a final volume of 25 l with nuclease-free water. Reactions were performed on the ABI 7500 fast real-time PCR system using the following protocol: 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. A dissociation curve analysis was performed for each assay to ensure product specificity (95°C for 15 s, 60°C for 1 min, 95°C for 15 s). The sequences for all primers are listed in Table 1 . The amount of change (fold) was calculated using the 2 Ϫ⌬⌬CT formula (37), with rpoA serving as the housekeeping gene. In cases where the PCR efficiencies were not comparable between housekeeping and functional genes, change was calculated using the equation describe by Pfaffl (44) . Serial dilutions spanning 5 orders of magnitude were used to calculate the slope of each assay, and PCR efficiency was then determined by the expression 10 (Ϫ1/slope) (7) . Several different genes were assessed for use as an appropriate reference gene, and under the conditions used in this study, rpoA expression remained unchanged (data not shown).
qRT-PCR was also used to validate the results of the RNA-Seq analysis. RNA was extracted from two independent cultures grown under the conditions described for RNA-Seq sample collection. Assays were run in triplicate on total RNA (i.e., prior to mRNA enrichment) and in duplicate on mRNA-enriched samples. Genes (flhD, motA, flaA, umoA, zapA, and hpmB) were selected based on a combination of the following criteria: (i) differential expression in RNA-Seq and (ii) applicability to both swarmer and fliL transcriptomes.
RNA-Seq. cDNA library preparation, sequencing, and preliminary bioinformatic analysis were performed at the University of Maryland, Baltimore's Institute for Genomic Sciences (IGS) following standard protocols. Briefly, cDNA libraries were prepared with an mRNA-Seq sample preparation kit (Illumina Inc., San Diego, CA) following a variation of the manufacturer's protocol. The DNA was purified between enzymatic reactions, and size selection of the library was performed with AMPure XT beads (Beckman Coulter Genomics, Danvers, MA). One sample per lane was loaded onto the flow cell and sequenced in 50-nucleotide paired-end runs on the Illumina genome analyzer II (GAII).
Primary image processing was done via the Illumina pipeline (which included Firecrest for image analysis, Bustard for base calling, and GERALD for alignment and visualization). The Phred-like quality scores (assigned to each base of each raw read via Bustard) were further analyzed via the IGS quality control pipeline. Values were plotted to evaluate per-cycle/ base statistics, and any data falling below the minimum quality threshold were removed from the final data set. Raw reads were mapped to the P. mirabilis HI4320 reference genome with the Mosaik aligner (http: //bioinformatics.bc.edu/marthlab/Mosaik), allowing for 2-nt mismatches. The genome of P. mirabilis HI4320 has been sequenced and published (43) and is nearly identical to that of BB2000, based on the current transcriptomic analysis. Therefore, nucleotide sequences derived from HI4320 were used for the RNA-Seq analysis of BB2000 and BB2204.
Raw reads were normalized to reads per kilobase of gene (exon) per million mapped reads (RPKM values) (40) , using an IGS in-house pipeline built around a combination of Burrows-Wheeler Aligner (34) and TopHat/Cufflinks (54, 55) .
Genes involved in swarmer cell differentiation were identified by comparing the transcriptomes of swarmer (i.e., agar-grown) versus swimmer (broth-grown) wild-type cells, while a comparison of the transcriptomes of fliL pseudoswarmers and wild-type swimmer cells was used to uncover genes expressed when FliL was defective. Additionally, the transcriptomes of fliL pseudoswarmers and wild-type swarmer cells were also compared. Statistical analyses were performed on raw reads of each sample set with DESeq, an R software package available on Bioconductor based on the negative binomial distribution (5) . Thus, three sample sets were analyzed with DESeq: (i) wild-type swarmer versus swimmer cells, (ii) fliL pseudoswarmer versus wild-type swimmer cells, and (iii) fliL pseudoswarmer versus wild-type swarmer cells. Sample change (fold) was calculated by dividing the normalized reads (RPKMs) for each sample set as follows: (i) swarmer/swimmer, (ii) fliL pseudoswarmer/wild-type swimmer, and (iii) fliL pseudoswarmer/swarmer. Genes with a change in expression (fold change ratio) of Ͼ2 or Ͻ0.5, with a statistical significance of a P value of Ͻ0.05, were considered significantly differentially expressed. In an effort to identify major biological themes associated with swarmer and fliL cell types, a Gene Ontology enrichment analysis was performed on each data set using GoMiner "omic data analysis" software (http://discover.nci.nih .gov/gominer/index.jsp) (60, 61) . In this analysis, the enrichment factor is a relative measure based on the total number of differentially expressed genes in a particular category relative to the total number of genes in that category, normalized to the total number of differentially expressed genes in the transcriptome.
Nucleotide sequencing. The fliL gene from BB2000, BB2204, and 17 motile revertants was sequenced using an ABI3130 XL genetic analyzer at the BioAnalytical Services Lab (University of Maryland Institute of Marine and Environmental Technology, Baltimore, MD).
Nucleotide sequence accession numbers. The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (21) and are accessible through GEO Series accession number GSE30810 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accϭGSE30810).
RESULTS
Analysis of the wild-type swarmer cell transcriptome. RNA sequencing resulted in the following total reads for each sample: 35,306,504 from fliL pseudoswarmer cells, 19,885,858 from wildtype swimmer cells (for comparison with fliL pseudoswarmers), 21,920,064 from wild-type swarmer cells, and 24,950,582 from a second sample of wild-type swimmer cells, used for comparison with wild-type swarmer cells. The total reads for each sample, along with reads that mapped uniquely, unmapped reads, and reads that mapped to multiple locations, are summarized in Table S1 in the supplemental material. More than 96% of the reads for each sample mapped uniquely to the reference genome, while the remaining 4% either were unmappable or mapped to multiple locations.
As a foundation for comparisons to the fliL pseudoswarmer transcriptome, gene expression in wild-type swarmer cells was compared to that in wild-type swimmer cells, resulting in the identification of 185 significantly differentially expressed genes in the swarmer cell transcriptome. Approximately 27% (51 of 185) of these genes were associated with flagellar biosynthesis and regulation and/or chemotaxis proteins ( Fig. 1; Table 2 ), a finding corroborated by GoMiner analyses, which showed significant enrichment of transcripts involved with flagellar motility (P ϭ 1.2 ϫ 10 Ϫ35 ), flagellar assembly (P ϭ 3.6 ϫ 10 Ϫ21 ), flagellar organization (P ϭ 1.3 ϫ 10 Ϫ33 ), and chemotaxis (P ϭ 4.2 ϫ 10 Ϫ19 ). In agreement with prior expression profiling of P. mirabilis swarmer cells (42) , many of the 51 flagellar genes were highly induced. For example, the expression of fliE (secretion apparatus) and fliA, encoding 28 subunit of RNA polymerase, increased 222-and 158-fold, respectively, while genes encoding the hook-basal body complex (i.e., flgE, flgC, and flgB) were all induced 160-to 190-fold (Table 2 ) (42).
Numerous genes whose products are involved with outer membrane fluidity, membrane permeability, and cell wall function also exhibited increased expression in swarmer cells (see Table S2 in the supplemental material). These included genes encoding multiple lipoproteins (PMI0993, PMI0994, PMI3460, PMI1840, PMI0743, and nlpA [PMI1318]), outer membrane proteins (PMI1359, PMI0842, PMI2950, and ireA [PMI1945]), a glycoporin (rafY [PMI0288]), a glycosyl hydrolase (PMI0290), and a ␤-phosphoglucomutase (pgmB [PMI0289]). exbD (PMI0030) and exbB (PMI0029), encoding biopolymer proteins postulated to transfer signals related to iron transport across the outer membrane (28), were also induced. A complete list of all significantly differentially expressed genes may be found in Table  S2 in the supplemental material.
Analysis of the fliL pseudoswarmer cell transcriptome. When the transcriptome of fliL pseudoswarmer cells (BB2204) was com- . Genes were grouped according to their Gene Ontology (GO) categories assigned by GoMiner. Putatively annotated genes for which no GO terms have yet been assigned were categorized based on their COG or Kyoto Encyclopedia of Genes and Genomes (KEGG) ontology pathway (6) designations.
pared to that of wild-type swimmer cells, 122 genes were found to be differentially expressed (Table 3) . Genes for propanediol utilization and microcompartment proteins (PMI2716 to PMI2722) were among the most highly induced genes in pseudoswarmer cells (see Table S3 in the supplemental material), an unexpected result, as none of these genes have been previously associated with swarmer cell differentiation. While their role in swarming is uncertain, expression of these genes is indicative of 1,2-propanediol degradation, which may then provide a source of ATP as well as important three-carbon nutrients. GoMiner analysis identified significant decreases in transcription in genes associated with flagellar organization (P ϭ 2.8 ϫ 10 Ϫ7 ), motility (P ϭ 2.5 ϫ 10 Ϫ9 ), and chemotaxis (P ϭ 1.8 ϫ 10 Ϫ9 ) (Fig. 1) , underscoring the motility defects observed in BB2204. While flagellar-gene expression decreased, fimbrial-gene expression increased in fliL pseudoswarmer cells (Table 3 ; Fig. 1 ), demonstrating a reciprocal control of flagellar and fimbrial biosynthesis, as previously observed (36) . Seven genes shared similar patterns of regulation in both fliL pseudoswarmer and wild-type swarmer cell transcriptomes. Expression of flgI and flgF, along with PMI1710, PMI1720, PMI1721, and PMI1722, encoding putative phage proteins, increased in both cell types, while the expression of PMI2662 (encoding a chitin-binding protein) decreased (Table 4) . Analysis of the genetic neighborhood surrounding the prophage genes (43) revealed that this locus is immediately adjacent to the rcs locus, PMI1729 to PMI1731.
A direct comparison of the fliL pseudoswarmer transcriptome to that of the wild-type swarmer cell showed that, in addition to decreased expression in genes required for biosynthesis of the flagellum, pseudoswarmer cells also had decreased expression of flhD and flhC (approximately 8-fold and 11-fold, respectively) compared to wild-type swarmer cells (Table 5 ). Repression of genes encoding putative transcriptional regulatory proteins was also observed in pseudoswarmer cells (see Table S4 in the supplemental material), including that of umoA, whose expression has been shown to be positively correlated with that of flhDC (20) .
The expression of flhD, motA, flaA, umoA, zapA, and hpmB was measured by quantitative RT-PCR (qRT-PCR) to verify the results of the RNA-Seq data. Statistical analyses indicate a high degree of correlation between the qRT-PCR and RNA-Seq data sets with both mRNA and total RNA (Fig. 2) as templates. Thus, the RNA-Seq data provide an accurate reflection of changes in gene expression.
Identification and characterization of fliL motile revertants. In parallel with transcriptomic analyses, we examined a set of 21 motile revertants that spontaneously arose from BB2204. Of these revertants, 81% (17 of the 21) were sensitive to chloramphenicol (Cm), indicating that the mutation was in or near the transposon inserted in fliL. Sixteen of 17 (94%) of the Cm-sensitive revertants had the same phenotype and possessed wild-type motility. Therefore, one of the 16 motile revertants, called YL1001, was chosen for further analyses.
Unlike the parent (BB2204) cells, YL1001 cells swim and swarm at near-wild-type levels ( Fig. 3A and B ), yet YL1001 develops pseudoswarmer cells inappropriately in liquid media (Fig. 3C  to E) . YL1001 produced the greatest number of pseudoswarmer cells 2.5 to 3 h after inoculation (Fig. 3F and G) , which is also the peak of pseudoswarmer cell production by BB2204 and is also very similar to the time required for wild-type swarming to occur on agar. As has been previously reported for BB2204 (16) , only a small percentage of the total population of YL1001 formed pseudoswarmer cells, suggesting that fliL defects may be bistable and that the surface-sensing pathway is complex, with multiple inputs that ultimately lead to swarmer cell differentiation. Previous reports (16) have shown that the transposon insertion in fliL of BB2204 (fliL 2204 ) is located at nucleotide 440, which is 44 bp from the stop codon in the 483-bp gene. Analysis of the sequence of YL1001 fliL (fliL 1001 ) revealed that the transposon had partially excised from its initial insertion site, leaving a 68-bp scar, as shown in Fig. 4A . Excision of the transposon restored transcription to the genes downstream of fliL in this operon, as well as to class III genes, e.g., flaA (flagellin), and provides an explanation for the motility of the revertants.
Closer examination of the fliL 2204 sequence revealed a frameshift near the 3= end of the gene, such that the C-terminal 14 amino acids of FliL 2204 were replaced with a portion of Tn5 sequence. As shown in Fig. 5 , this changed the C terminus by adding 10 new amino acids, including multiple arginine and proline residues. A similar, but not identical, change also occurred in the C terminus of FliL 1001 , resulting in an additional 28 residues at its C terminus (Fig. 5) . This alteration of the C terminus of FliL may be responsible for the pseudoswarmer cell phenotype and suggests that the C-terminal domain of FliL is functionally important.
Expression of FlhD 4 C 2 , the flagellar master regulator, increases during swarmer cell development and swarming (24) , and, as shown in Table S2 , the current RNA-Seq measurements show that transcription of both flhD and flhC increased ca. 12-and 8-fold (respectively) in the swarmer transcriptome. With these results in mind, we measured the expression of flhDC, flagellar class II and III genes regulated by FlhD 4 C 2 , and the umo transcriptional regulators using qRT-PCR, to compare their expression in BB2204 and YL1001 pseudoswarmer cells relative to BB2000 swimmer cells. As can be seen in Fig. 6A , flhD was minimally induced in pseudoswarmer cells, while flhD expression increased 1.37-fold in BB2204 and 1.74-fold in YL1001. Unlike flhD expression, expression of flagellar class II genes, e.g., fliA and fliL, increased to moderate to high levels in pseudoswarmer cells of both BB2204 (20.42-fold increase in fliA and 6.11-fold increase in fliL) and YL1001 (4.38-fold increase in fliA and 3.59-fold increase in fliL). This result suggests that an increase in FlhD 4 C 2 activity, rather than its transcription, occurs in pseudoswarmer cells. The increased fliA transcription in BB2204 may be due to a lack of feedback from flagellar class III gene products, rather than defects in fliL, as can be seen by the high levels of repression of both flgM and flaA transcripts (Fig. 6A) . As shown in Fig. 6B , defects in fliL increase umoA expression in BB2204 pseudoswarmer cells more than 6-fold but result in only a minimal increase (1.59-fold) in the expression of umoA in YL1001 pseudoswarmer cells. The increase in umoA expression in BB2204 pseudoswarmer cells was unexpected, since expression of umoA did not change according to RNA-Seq analysis; however, this discrepancy is likely due to the different times at which cells were harvested (4.5 h for RNA-Seq analysis for comparison with wild-type swarmer cells versus 2.5 h for comparison with YL1001 fliL pseudoswarmers). No changes in expression in umoB, umoC, or umoD were observed in either BB2204 or YL1001 pseudoswarmer cells.
DISCUSSION
The connection between motile behavior, FliL, and regulation of the motile versus sessile mode of existence has emerged as a theme among bacteria, as first noted by Christen et al. (18) and recently reviewed by Wolfe and Visick (58) . Recent reports have provided evidence that the function of FliL is to support the inherently weak vidual gene expression ratios were calculated using RPKM values generated via RNA-Seq and plotted against calculations done for the same gene using qRT-PCR on both total RNA and mRNA as templates. Each qRT-PCR assay was performed on the sample subject to RNA-Seq plus two independent samples. Pearson correlations of 0.964 (P ϭ 5.5 ϫ 10 Ϫ7 ) and 0.898 (P ϭ 7.5 ϫ 10 Ϫ5 ) were obtained when mRNA and total RNA served as the template, respectively, in the qRT-PCRs. joint between the proximal and distal rod proteins. When P. mirabilis swimmer cells encounter a surface, the rotation of their flagella is inhibited, triggering differentiation into a swarmer cell with renewed flagellar motility. How do the bacteria sense the surface? In the current study, we used transcriptomic and genetic methods to understand the molecular mechanism underlying this signal transduction circuit.
The increased expression of umoA in swarmer cells (23-fold increase) and pseudoswarmer cells (ca. 6.2-fold) ( Fig. 6B ; also, see Table S2 in the supplemental material) is an exciting discovery that potentially links FliL function to a known regulator of swarmer cell differentiation (20) . Dufour et al. (20) reported that UmoA resides in the outer membrane and its activity is negatively regulated by flagellar class II genes. Therefore, the increases in umoA expression observed here may be due to an indirect effect caused by the fliL mutations in the pseudoswarmer strains used in our study. Indeed, transcription of umoA is dependent upon other factors, and one of these is proper flagellar assembly. This can be seen by comparing umoA transcription in nonmotile fliL mutants (6.2-fold increase in umoA) with that of swimming fliL revertants, such as YL1001 (1.6-fold increase in umoA) (Fig. 6B) . However, negative regulation by class II genes does not explain the increased umoA expression in wild-type swarmer cells (that have intact fliL), unless umoA expression depends on a functional FliL protein. In such a scenario, one may imagine that inhibition of flagellar rotation occurs when a swimmer cell is placed on a surface, resulting in increased torque on FliL. Torsional forces may lead to conformational changes in FliL that adversely affect its function and ultimately result in an increase in umoA expression. This likely occurs through FliL protein-protein interactions. In support of this hypothesis, Li and Sourjik recently showed using FRET measurements that E. coli FliL interacts strongly with itself and weakly with FliG (35) . Suaste-Olmos et al. (53) identified single-base-pair changes in motB in a search for fliL suppressor mutations of Rhodobacter sphaeroides (29) and supported by reports demonstrating a direct interaction between FliL and MotB in Campylobacter jejuni (46) . Experiments are under way in our laboratory to measure FliL protein-protein interactions and determine their function in surface signaling and swarmer cell differentiation.
What domains of FliL are important to its function? Our data indicate that the C-terminal domain of P. mirabilis FliL is required for full activity. The FliL mutants examined in this study each have the C-terminal 14 amino acids of the protein, QILSDVLFTTFILR, replaced with residues derived from mini-Tn5 (Fig. 5) . Twentyfour new amino acids replace the original 14 residues of FliL 2204 , increasing the length of the protein and its charge. In FliL 1001 , 42 amino acids replace the original 14, bringing at least 8 charged residues (7 arginines and a lysine) not found in wild-type FliL. Since FliL has a single transmembrane domain close to the N terminus, the changes observed in the C terminus of FliL are unlikely to affect the localization of protein. Furthermore, loss of the C-terminal 15 amino acids from R. sphaeroides FliL does not affect interaction with itself (53) , suggesting that the changes in FliL 2204 and FliL 1001 we observed affect how FliL interacts with other, currently unknown proteins.
Undoubtedly, due to its location in the periplasm and lack of amino acid domains indicative of a transcriptional regulator, FliL acts as an intermediate processor in the surface signal transduction pathway, relaying information to FlhD 4 C 2 . As shown in Table  S2 in the supplemental material, expression of flhDC increases during swarmer cell differentiation (24) , but our results also indicate that FlhD 4 C 2 activity is affected when fliL is mutated, specifically in BB2204 pseudoswarmer cells (Fig. 6A) . Increased FlhD 4 C 2 activity is evident from the significant elevation in tran- (Fig. 6A) . Regulation of flagellar gene expression is a hierarchical process governed by the state of flagellum biosynthesis, with checkpoints to coordinate transcription with proper assembly, and feedback occurs between class II and class III gene products and FlhD 4 C 2 activity (2, 24). For example, FliD and FliT (class III operon genes) inhibit FlhD 4 C 2 activity, while FliZ (within the class II fliA operon) positively affects flhDC (2, 48, 49, 59) . The Tn5 insertion in fliL 2204 prevents expression of the genes downstream of fliL that encode components of the flagellar basal body and export apparatus, and this results in a loss of class III gene expression (i.e., flaA expression [ Fig. 6A]) . We hypothesize that this in turn produces a negative feedback effect on FlhD 4 C 2 activity.
One of the hallmarks of swarmer cell differentiation is the large increase in flagella per cell, which is readily seen by the number of flagellum-associated genes whose expression increased in the swarmer cell transcriptome (Table 2 ; Fig. 1 ; also, see Table S2 in the supplemental material) and decreased in the transcriptome of nonmotile BB2204 pseudoswarmer cells ( Fig. 1 and 6A ; Table 3 ). However, not all flagellar gene expression decreased in pseudoswarmer transcriptomes, as both flgI (P ring) and flgF (proximal rod protein) expression increased (Table 3) . We believe that the increase in flgF expression is significant, since FlgF is physically adjacent to FlgG, the distal rod protein, in the basal body, and hypothesize that an increase in flgF (and perhaps flgI) expression may be a means used by pseudoswarmer cells to compensate for the loss of FliL. This hypothesis is currently being tested in our laboratory. It is noteworthy that RNA-Seq analysis further supports this hypothesis through the identification of three additional rod-associated genes whose expression increased in pseudoswarmer cells. These include flgD, whose product is a basal-body rod modification protein (5-fold increase in expression), and flgB (2.63-fold increase in expression) and flgC (1.6-fold increase in expression), both encoding basal body rod proteins. While the change in expression of these three rod proteins did not pass our criteria for statistical significance (i.e., a change of Ͼ2-fold, with a P value of Ͻ0.05), the increased expression of these rod protein genes may hint at a possible mechanism by which cells compensate for loss of FliL.
Genes whose products are components of the outer surface of the bacterium or affect membrane fluidity and permeability (Table 2; also, see Table S2 in the supplemental material) also had marked changes in expression resulting from swarmer cell differentiation. Swarmer cells had increased expression of multiple lipoproteins, a glycoporin, outer membrane proteins of unknown function, a glycosyl hydrolase, and a ␤-phosphoglucomutase, all of which are indicative of a significant restructuring of the cell wall. These results complement previous reports documenting changes in capsular polysaccharide, lipopolysaccharide, and membrane composition as vegetative cells differentiate into swarmer cells (8-10, 14, 25, 27) .
The deep-sequencing capability of RNA-Seq resulted in identification of genes not previously associated with swarmer cell differentiation and, of these, those located within a degenerate prophage region (43) . Overall, half the genes in this region were induced in swarmer cells, while one-third were induced in fliL pseudoswarmers (see Tables S2 and S3 in the supplemental material). We do not fully understand why the expression of these prophage genes increases in conjunction with swarmer cell differentiation; however, it is worth noting that they lie adjacent to three genes-rcsD (formerly rsbA), rcsB, and rcsC-that encode the Rcs regulatory circuit, which acts to inhibit swarmer cell differentiation and flhDC expression (15) .
A second group of genes not previous associated with the differentiated swarmer cell are those encoding microcompartment proteins whose expression increased in fliL pseudoswarmer cells. Microcompartments are proteinaceous organelles that encapsulate the enzymes that participate in metabolic pathways, including B 12 -dependent 1,2-propanediol degradation (17) . Not only is the expression of genes encoding microcompartment proteins elevated in a fliL background, but the expression of propanediol utilization proteins and aldehyde-alcohol dehydrogenase also increases (Table 3) . These processes may aid P. mirabilis by providing increased ATP and an electron sink, as well as important three-carbon nutrients, and have been shown to alleviate DNA and cellular damage in other species (51) . We hypothesize that defects in FliL may cause stress or damage to the bacteria, and the elevated expression of the microcompartment proteins reflects the cell's attempts to limit the damage from the mutation.
Many of the results from the current analysis corroborate earlier reports of the P. mirabilis swarmer cell transcriptome (42) . The genes in common include those involved with flagellar motility, assembly, and organization; chemotaxis; amino acid biosynthesis (cysP, cysD); outer membrane modification and transport proteins (exbD, exbB, PMI1359, PMI0842); and the regulatory proteins Ccm and PMI0182. However, there are a few notable differences between the present and previous studies, particularly in the expression of genes encoding lipoproteins and outer membrane proteins. While differences in culture conditions (30°C ver- sus 37°C), strains (HI4320 versus BB2000) and method of measurement (microarray versus RNA-Seq) likely contributed to differences between the two data sets, we believe that the discrepancies are primarily due to differences in the time at which swarmer cells were harvested (overnight versus 4.5 h) and reflect transient and short-lived expression of genes during the dynamic process of swarmer cell differentiation. Indeed, we did not observe significant changes in either zapA or hpmB, whose expression we previously observed to be correlated with swarming (4, 56) and increased in a fliL background (16) . The expression of zapA is greatest immediately before the consolidation phase of swarming (5.5 h). In the current study, swarmer cells were harvested from nutrient agar at 4.5 h, when maximal swarming motility is observed, while pseudoswarmer cells were harvested after 2.5 h of incubation in nutrient broth, when the highest numbers of elongated cells were present. Therefore, the lack of zapA expression is likely due to the time at which the cells were harvested and reflects the rise and fall in zapA expression during swarming colony migration (56) .
Collectively, our results shed new light on the cellular components involved in the surface signaling pathway of P. mirabilis and indicate that FliL plays a key role in transducing the signal, via its C-terminal domain. It remains unknown how FliL transmits the information from the stalled flagellar motor to FlhD 4 C 2 , but we hypothesize that UmoA is part of this pathway. Experiments are in progress to investigate this possibility.
